Key Words double-strand break repair, RAD52 epistasis group, Holliday junction resolution, replication fork collapse ■ Abstract The process of homologous recombination promotes error-free repair of double-strand breaks and is essential for meiosis. Central to the process of homologous recombination are the RAD52 group genes (RAD50, RAD51, RAD52, RAD54, RDH54/TID1, RAD55, RAD57, RAD59, MRE11, and XRS2), most of which were identified by their requirement for the repair of ionizing radiation-induced DNA damage in Saccharomyces cerevisiae. The Rad52 group proteins are highly conserved among eukaryotes. Recent studies showing defects in homologous recombination and doublestrand break repair in several human cancer-prone syndromes have emphasized the importance of this repair pathway in maintaining genome integrity. Herein, we review recent genetic, biochemical, and structural analyses of the genes and proteins involved in recombination. CONTENTS 
INTRODUCTION
Recombination refers to the exchange, or transfer, of information between DNA molecules and is found in all organisms that have been studied in detail. Homologous recombination (HR) involves the interaction of DNA sequences with perfect, or near-perfect, homology over several hundreds of base pairs. Recombination between sequences with little or no sequence homology is referred to as nonhomologous recombination or end joining (NHEJ). The process of homologous recombination plays essential roles in the maintenance of genome stability in prokaryotic and eukaryotic organisms. The primary function of homologous recombination in mitotic cells is to repair double-strand breaks (DSBs) or singlestrand gaps that form as a result of replication fork collapse, from processing of spontaneous damage, and from exposure to DNA-damaging agents. Homologous recombination is also required for telomere maintenance, and consequently, proliferation, in the absence of telomerase. During meiosis, HR is essential to establish a physical connection between homologous chromosomes to ensure their correct disjunction at the first meiotic division. In addition, the high frequency of meiotic recombination contributes to diversity by creating new linkage arrangements between genes, or parts of genes.
Yeast has proved a valuable system for the analysis of recombination in eukaryotes. Much of our understanding of the mechanisms of recombination is based on organisms, such as Saccharomyces cerevisiae, in which all of the products of an individual meiosis can be recovered for analysis in the form of asci containing four haploid spores. The analysis of the segregation of heterozygous markers during meiosis forms the basis for most recombination models. The ability to manipulate the genome to create well-defined genetic and physical markers has also contributed to our understanding of the mechanisms of HR. Genetic screens for mutants with altered rates of recombination, decreased survival in response to DNA-damaging agents, reduced sporulation, or spore viability have led to the identification of more than 30 genes involved in recombination. The proteins encoded by the RAD52 epistasis group genes [RAD50, RAD51, RAD52, RAD54, RAD55, RAD57, RAD59, RDH54 (TID1), MRE11 (RAD58), and XRS2] play direct roles in HR and are the focus of this review.
SUBSTRATES AND MECHANISMS OF HOMOLOGOUS RECOMBINATION
Two types of recombination events have been identified based on the segregation of heterozygous markers during meiosis: crossing over and gene conversion. Studies in yeast and other fungi have shown that meiotic gene conversion events are frequently associated with the exchange of flanking markers (79) . This association was thought to be due to alternate resolution of a Holliday junction (HJ) containing intermediate to generate crossover or noncrossover products. However, recent studies suggest crossover and noncrossover products are generated from different intermediates in meiotic recombination (7). Several models have been proposed to explain the molecular mechanisms of recombination (52, 72, 125, 139, 203) , and of these the double-strand-break repair (DSBR) and synthesis-dependent strandannealing (SDSA) models are most consistent with the available genetic data.
The DSBR and SDSA Models
Studies of DSB-induced recombination between plasmid and chromosomal sequences provided the impetus for the DSBR model (144, 145, 203) , and subsequent meiotic studies were in good agreement with its predictions (30, 124, 168, 196) . In this model the initiating event is a DSB (Figure 1 ). The ends are resected to form 3 single-stranded (ss) tails that are active in strand invasion with a homologous duplex. Following strand invasion, the 3 end is extended by DNA synthesis. The D-loop formed by strand invasion is able to pair with the other side of the DSB (second end capture), and the 3 end of the noninvading strand is also extended by DNA synthesis. Gap filling and ligation results in the formation of a double Holliday junction (dHJ) intermediate. Random resolution of the two Holliday junctions is expected to yield equal numbers of crossover and noncrossover products.
The DSBR model adequately explains several features of meiotic recombination. To account for the low levels of associated crossing over observed for mitotic DSB-induced gene conversion events, the synthesis-dependent strand-annealing (SDSA) model was proposed (52, 139, 189) (Figure 1 ). In the SDSA model, one or both ends of the broken duplex invade the donor and initiate DNA synthesis as envisioned in the DSBR model. For two-ended invasions, both strands are subsequently displaced and able to anneal through the newly synthesized complementary regions (139) . For a one-ended invasion, the elongated invading strand is displaced after extensive DNA synthesis and pairs with the other side of the break (52).
One-Ended Strand Invasion
Under some circumstances, a broken chromosome may present only one end for repair ( Figure 2 ). Collapsed replication forks generate only one end for strand invasion to restart replication. A one-ended DSB will also be generated when a telomere becomes uncapped and is degraded (62, 66, 113) . The chromosome
Figure 1
Models for the repair of double-strand breaks. The DSBR and SDSA models both initiate with invasion of a 3 end (left panel). After priming DNA synthesis, the second end is captured and a double Holliday junction intermediate is formed (DSBR) . Resolution can occur in either plane at both junctions to generate crossover or noncrossover products. In the SDSA model, the nascent strand is displaced, pairs with the other 3 single-stranded tail, and DNA synthesis completes repair. A DSB made between direct repeats is subject to resection to generate 3 single-stranded tails (right panel). When complementary sequences are revealed owing to extensive resection, the single-stranded DNA anneals resulting in deletion of one of the repeats and the intervening DNA. The 3 tails are removed by the Rad1/10 nuclease and the nicks are ligated. 3 ends are indicated by arrowheads, newly synthesized DNA is represented by dashed lines. end can then invade homologous sequences (sister chromatid or homologue, or subtelomeric repeats of other chromosomes) and initiate DNA synthesis from the site of strand invasion to the telomere, templated by the donor duplex. This process is termed break-induced replication (BIR). Homology-dependent duplication of an entire chromosome arm to the end of a transformed linearized plasmid has also been detected in yeast and is presumed to occur by a similar mechanism (43, 134). BIR can occur at a conventional DSB if the gene conversion pathway is restricted by mutation of RAD51, or by limiting homology to one side of the break (99, 116) .
Single-Strand Annealing
Single-strand annealing (SSA) is restricted to DSBs that occur between direct repeats (Figure 1 ). These events have been detected in yeast and animal cells using artificial direct repeats and could conceivably be important for repair in genomes of higher eukaryotes that contain many repeated sequences (54, 107, 119). After formation of the DSB, the ends are resected to produce 3 single-stranded tails,
Figure 2
One-ended strand invasion. If a telomere becomes uncapped, or the other side of a DSB is not available for HR, strand invasion can occur and replication proceeds to the end of the chromosome (BIR). which can anneal together when resection is sufficient to reveal complementary single-stranded regions. Single-stranded tails are removed by nucleases and the resulting gaps/nicks filled in by DNA repair synthesis and ligation. This process is accompanied by deletion of one of the repeats and the DNA between the direct repeats and is therefore considered to be mutagenic.
Recombination at Stalled or Collapsed Replication Forks
In yeast, HR efficiently repairs DSBs, but it is not clear if all mitotic recombination events initiate from DSBs. Single-stranded gaps at stalled replication forks might also initiate recombination and may occur more frequently than DSBs during vegetative growth of budding yeast (50). In Escherichia coli, generation of DSBs at stalled replication forks is thought to occur about once every two to three rounds of replication (126). In vertebrates, DSBs are thought to occur during every S-phase, explaining the essential requirement for recombination factors such as RAD51 (183, 214) . There are several possible mechanisms for the formation of DSBs during replication. First, the replication fork could run into a nick on the template strand, resulting in collapse of the replication fork. Assuming that the nascent Figure 3 Role of recombination in restoring collapsed or stalled replication forks. DSBs made by replication fork collapse, or resolution of a regressed fork, are repaired by strand invasion restoring the fork. A gap on the lagging strand can be used to pair with the homologous sister chromatid to allow bypass of the lesion. strand of the other arm becomes ligated to the template strand of the same polarity, the broken arm could invade this duplex to restart replication (Figure 3) . Second, the nascent strands at a stalled fork could pair and reverse branch migrate to form a pseudo-Holliday structure, also known as a regressed fork or chicken foot (71) . This intermediate could then be cleaved by an HJ-specific endonuclease, resulting in collapse of the fork (170). The collapsed fork would then have to undergo strand invasion as described above. There is genetic evidence for regressed forks in E. coli (170) , but in yeast, regressed forks have only been observed in hydroxyurea (HU)-arrested cells in the absence of the S-phase checkpoint kinase Rad53 (111).
If replication stalls because of a lesion present on the leading strand, the fork could regress such that the lagging strand of the paired nascent strands templates synthesis of the leading strand (71). The regressed fork could then be resolved by branch migration to restart replication without strand invasion (Figure 3 ). Recent studies in E. coli have shown continued synthesis of the lagging strand when the leading strand is stalled, providing further support for this template-switching model (147) . Template switching may also function in the repair of polymeraseblocking lesions on the lagging strand. In this case, the single-stranded region could pair with the parental strand of the sister chromatid and the newly synthesized leading strand could template synthesis of the stalled lagging strand in order to bypass the lesion (Figure 3 ) (50). The template-switching models do not involve a DSB intermediate, but are likely to require HR proteins for annealing and branch migration.
The above models share a number of common features, including formation of single-stranded DNA at break sites (or gaps), strand invasion or strand annealing, and resolution of recombination intermediates. Below, we review genetic, molecular, and biochemical studies of the yeast proteins thought to catalyze these steps of the homologous recombination reaction.
DSB FORMATION

Initiation of Meiotic Recombination
During meiosis, the Spo11 protein catalyzes DSB formation at 150-200 sites within the genome to initiate high frequency of recombination (94) . Spo11 is a meiosis-specific protein with sequence similarity to the small subunit (Top6A) of a type IIB topoisomerase from Sulfolobus shibatae (18, 95) . Classical type II topoisomerases transiently break both strands of duplex DNA by formation of covalent 5 phosphotyrosyl enzyme-DNA intermediates. Following substrate topoisomerization, the covalent linkage is resolved and the DNA strands resealed. Spo11 appears to catalyze only the first of these two steps and in certain mutants (rad50S, sae2 , mre11-S, and mre11-58) remains stably covalently joined to the 5 ends at break sites (5, 95, 123, 138, 158, 209) . Tyr-135 is the active site tyrosine in Spo11 and accordingly, mutation of this residue results in the inability to induce DSBs in vivo (18, 48). The currently favored model is that Spo11 is removed from ends by the Mre11-Rad50-Xrs2 (MRX) complex and Sae2, and the resulting free 5 ends are then available for resection. Spo11 cleaves nonrandomly, but does not exhibit sequence-specific cleavage. The sites of DSBs coincide with DNase I hypersensitive sites in chromatin and are generally in the 5 noncoding regions of genes (17, 65, 232) .
Nine other genes, MEI4, MER2/REC107, REC102, REC103/SKI8, REC104, REC114, MRE11, RAD50, and XRS2, as well as two meiosis-specific RNA splicing factors (Mer1 and Mre2), are required for DSB formation during meiosis (94) . MRE11, RAD50, and XRS2 are members of the RAD52 epistasis group, and are required for the repair of ionizing radiation (IR)-induced DNA damage in mitotic cells in addition to meiotic DSB formation in S. cerevisiae (4, 202) . Mre11 transiently associates with sequences within chromatin that are the sites of Spo11-dependent DSBs (23). This association, however, is still observed in the spo11-Y135F active site mutant, indicating that Mre11 localization is not dependent on the presence of DSBs. Mre11 remains associated with DSB sites in strains that are defective for resection, but still dissociates from chromatin in strains defective for strand invasion, indicating that it is resection, not repair, that is the signal for removal of Mre11. The requirement for the MRX complex in DSB formation may be to ensure that the factors required for processing of Spo11-induced DSBs are present at the time of cleavage.
The role of the other genes required for DSB formation is poorly understood. SKI8 is the only other gene, in addition to MRE11, RAD50, and XRS2, that is 240 KROGH SYMINGTON expressed in vegetative cells and because of its well characterized role in RNA metabolism was thought to function indirectly during meiosis (94) . However, Arora et al. (10) have shown that Ski8 and Spo11 directly interact and that both are required to recruit other proteins to chromatin, implicating a scaffold function for Ski8 in assembly of the pre-DSB complex (10).
Initiation of Mitotic Recombination
Mitotic recombination is initiated by accidental DSBs, single-strand gaps, and by the induction of specialized endonucleases. The best characterized of these endonucleases are HO and I-SceI, which have long nonpalindromic recognition sequences and generate 4-bp staggered cuts with 3 -OH overhangs (36, 98). HO endonuclease cleaves a 24-bp sequence within the mating-type locus MAT, to initiate gene conversion between the resident MAT allele and one of the two transcriptionally silent HM cassettes (141, 189) . The HO endonuclease is normally expressed at the end of G1 in haploid mother cells, and the protein is highly unstable owing to the presence of a PEST signal that signals degradation via the ubiquitin -26S proteosome system (92) . The DSB made by HO is repaired using the same factors required to repair IR-induced DSBs (see below).
The mitochondrial endonuclease I-SceI is encoded by the optional intron of the 21S rRNA gene and is responsible for intron mobility (36). I-SceI recognizes and cleaves an 18-bp nonsymmetrical sequence within omega − DNA and the omega + intron is used to template repair resulting in propagation of the intron. The recombination factors within mitochondria that promote repair of the I-SceI-induced break are unknown. When expressed in the nucleus, I-SceI cleaves its target site and subsequent repair occurs by the same mechanisms as in other chromosomal DSBs (156) .
FORMATION OF 3 ssDNA TAILS AT BREAK SITES
Properties of the MRX Complex
Repair of DNA double-strand breaks (DSBs) by homologous recombination requires nucleolytic processing of the DNA ends to form invasive 3 ssDNA tails. In S. cerevisiae, 3 ssDNA regions can be detected that extend hundreds to a few thousand nucleotides into the sequences flanking meiotic and mitotic DSBs (197, 225, 227) . The initial observation that unresected meiotic DSBs accumulate in rad50S mutants suggested a role for Rad50 and its complex partners Mre11 and Xrs2 (MRX complex) in processing DSBs during meiosis. Yeast rad50, mre11 and xrs2 null mutants are also extremely sensitive to DNA-damaging agents such as IR and methyl methane-sulfonate (MMS) (28, 59, 88, 209) . Moreover, the null mutants have slowed resection of HO-induced DSBs at the MAT locus (83, 191, 209) . These observations suggested a common role for MRX in processing both meiotic and mitotic DSBs.
Structural and functional homologues of the Mre11/Rad50 complex exist in all domains of life (9). In E. coli, the Rad50/Mre11 homologues SbcC/SbcD form a large complex with ATP-dependent dsDNA 3 -5 exonuclease and ATPindependent ssDNA endonuclease activities (38, 171). Consistent with the homology to the nuclease subunit SbcD, human and yeast Mre11 have manganesedependent nuclease activities in vitro (149, 207, 208) . The nucleolytic repertoire of Mre11 includes: (a) 3 -5 exonuclease activity on blunt and 3 recessed ends; (b) endonuclease activity on circular and linear ssDNA, but not on homopolymers; and (c) endonuclease cleavage of hairpin ends and 3 ssDNA overhangs at the single-/double-stranded transition. The observation that ssDNA homopolymers are resistant to cleavage suggests that Mre11 is structure specific and cleaves ss-DNA by trapping transient secondary structures that allow the enzyme to cut at the preferred single-/double-stranded transition. Rad50 and Xrs2 both influence MRX substrate binding and potentiate the intrinsic nuclease activity of Mre11 (206, 207) . The N-terminal region of the 78-kDa Mre11 protein contains five conserved phosphoesterase motifs found in a superfamily of phosphoesterases that includes di-metal Ser/Thr protein phosphatases and E. coli SbcD (88, 171) . The crystal structure of Pyrococcus furiosus (Pf) Mre11 (res. 1-342) shows a protein with a two-domain fold. Domain I encompasses the Mre11 active site with seven residues from the conserved phosphoesterase motifs coordinating two Mn 2+ ions. Domain II forms a cap structure that partially overhangs the active site (76) .
S. cerevisiae (Sc) Rad50 is a 153-kDa protein with homology to E. coli SbcC (5, 162, 171) . Both proteins share the modular sequence architecture found in the structural maintenance of chromosomes (SMC) family of proteins (190) . (75, 76, 78) . In ScRad50 each coiled-coil extends approximately 60 nm away from the globular ATPase domain (8). PfRad50 forms homodimers in the presence of ATP (75, 78) . Two nucleotides are bound per dimer, each specifically coordinated in cis by the Walker A motif of one monomer and in trans by the ABC signature motif of the other monomer, thereby linking ATP binding with dimer formation (129). Dimerization creates a DNA-binding interface across the Rad50 dimer that could explain the ATP stimulated DNA binding observed for both yeast and P. furiosus Rad50 (77, 162) . Mre11 binds to the base of the coiled-coil near the Rad50 DNA-binding interface, suggesting the formation of a composite DNA-binding site within the (Mre11) 2 /(Rad50) 2 heterotetramer. The model MR-tetramer has two protruding coiled-coil tails pointing away from a globular head containing an Mre11 dimer bound to the Rad50 ABC-ATPase dimer (8, 75, 76) . A conserved Cys-X-X-Cys motif at the apex of the coiled-coil forms a molecular zinc-hook, which allows Rad50 to form intermolecular dimers across the coiled-coil domains 242 KROGH SYMINGTON (75) . Each Rad50 coiled-coil contributes two cysteines from the CXXC motif to form an interlocking metal binding site with one tetrahedrally coordinated Zn 2+ ion. The overall structure of the MR complex and intermolecular dimers/multimers formed through the Rad50 zinc-hook have been observed by electron microscopy (EM) (8, 75) and scanning force microscopy (SFM) (44, 219). SFM analyses have also revealed that the HsMR and ScMRX complexes associate with ends of ds-DNA molecules and through intermolecular interactions between the extended coiled-coils and zinc-hooks can tether linear DNA molecules together (34, 44, 219). Juxtaposition of DNA ends may be one of the important functions of MRX in NHEJ. The flexibility of the Rad50 coiled-coil and the overall length (120 nm) of a coiled-coil dimer suggests that the MRX complex may in fact be able to connect sister chromatids during HR ( 
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motif result in defective MRX complex formation or increased IR sensitivity, underscoring the structural and functional importance of the zinc-hook (75) .
The third complex component, Xrs2 in yeast (MRX) or Nbs1 in vertebrates (MRN), is found only in eukaryotes (31, 88, 215, 220) . Xrs2 is part of the complex through direct interaction with Mre11. Sedimentation analyses and size-exclusion chromatography suggest a M 2 R 2 X 1 complex stoichiometry (8, 34, 215). Although they are thought to be functional analogues, the sequence similarity between Xrs2 and Nbs1 is limited to an N-terminal forkhead-associated (FHA) domain. The FHA domain is a phosphorylation-dependent protein-protein interaction motif found in a variety of eukaryotic proteins. The HsMRN and ScMRX complexes play critical roles in initiation of the intra S-phase checkpoint in response to DNA damage, and Nbs1/Xrs2 are both phosphorylated as part of the damage signal by kinases from the ATM family of protein kinases (41, 106, 214a, 233, 236) . The checkpoint function in combination with the DNA tethering and nuclease activities is likely to contribute to the complexity of phenotypes displayed by mrx mutants.
Resection of DSBs
The predicted nucleolytic activity needed for processing DSBs into 3 ssDNA ends is a 5 -3 exonuclease. Mre11 is a 3 -5 exonuclease, which leaves a directionality conflict inherently at odds with the involvement of Mre11 in DSB resection. However, point mutations in the conserved phosphoesterase motifs [D16A, D56N, H125N, and H213Y (mre11-58S)], which abolish Mre11-nuclease activity in vitro, result in accumulation of unresected meiotic DSBs and sporulation failure in vivo (57, 131, 209) . The phenotype caused by these mre11-nuclease defective (nd) alleles is similar to that found for the rad50S mutants, which accumulate unresected DSBs with the meiotic Spo11-transesterase still covalently attached to the 5 DNA end (4, 95, 197) . Similar biochemical analyses have not been repeated for the mre11-nd mutants, but based on the similarity in DSB accumulation and lack of resection, it is likely that these breaks also contain the covalent Spo11-DNA adduct. The directionality paradox notwithstanding, these observations are evidence of a direct role for the MRX complex and Mre11-nuclease activity in meiotic DSB processing and Spo11 removal.
Despite the severe meiotic phenotypes associated with mre11-nd alleles, the majority of these nuclease mutants show only mild-to-intermediate sensitivity to IR, and mating-type switching and resection of HO-induced DSBs occur with wild-type kinetics (29, 57, 103, 131). Moreover, the rad50, mre11 and xrs2 null mutations slow resection of HO-induced DSBs but do not abolish processing (83) . Two alleles of mre11 show sensitivity to IR and MMS comparable to the null allele, mre11-4 (H241L,H243Y) and mre11-58S (H213Y). Both mutants, however, fail to interact with Rad50 in two-hybrid or coimmunoprecipitation assays, implying that for mitotic DSB resection, MRX as a complex is more important than the catalytic activity of Mre11 (29, 209, 215) .
To reconcile the conflicts surrounding the roles of MRX in meiotic versus mitotic DSB processing, we suggest the following resection models ( Figure 5 ). To
Figure 5
Model for the roles of the MRX complex in processing of DSBs. For simplicity, only one side of the DSB is included in this illustration. Resection of DSBs with modified/blocked ends is initiated by MRX (center). The "clean" ends are then substrate for continued processing by MRX (center) or by a 5 -3 exonuclease, e.g., Exo1 (right). Unmodified DSB ends can be resected directly by a 5 -3 exonuclease, independent of Mre11-mediated initiation (right) or through DNA unwinding by an unknown helicase and cleavage by the Mre11 structure-specific endonuclease (center and left).
solve the nuclease directionality problem, MRX could potentially cooperate with a helicase to unwind the DNA duplex from the break and Mre11 processing the 5 strand by continuous endonucleolytic cleavage at transient secondary structures. For meiotic DSBs, resection of the 5 strand would be intrinsic to removal of Spo11, because the protein is released by the nucleolytic reaction most proximal to the DSB. It is also possible that Mre11 only acts as the initiating nuclease, responsible for removing only a short stretch of DNA attached to the covalent DNA-(5 -phosphotyrosyl)-Spo11 adduct. Once the terminal adduct is removed, a 5 -3 exonuclease could take over and continue resection. A weak ATP-dependent DNA-unwinding activity has been associated with the human Rad50/Mre11/Nbs1 complex (150) . Perhaps this weak helicase activity is sufficient to unwind a short stretch of DNA duplex from the Spo11 break site, enough for Mre11 to release Spo11 by the structure-specific endonuclease activity.
We propose a model for mitotic DSB resection similar to the model for Mre11-processing of Spo11-attached meiotic DSBs in which the Mre11-nuclease is specialized to deal with DSBs carrying modified ends that other nucleases are unable to process. Ionizing radiation as a source of DNA damage often generates DSBs with modified terminal nucleotides or even protein-DNA adducts. In our model, these modified DSBs require Mre11 for initial resection or "clean-up." In contrast, HO-induced DSBs and other mitotic DSBs with unmodified clean ends would be direct substrates for processing by a bona fide resection nuclease or other redundant nucleases, even without Mre11 activity. Exo1, a 5 -3 dsDNA exonuclease and flap-endonuclease, is the only nuclease with an identified role in DSB resection in the absence of MRX (53). The exo1 mre11 double mutant has severe growth defects and increased IR sensitivity compared with mre11 (210) . When expressed from a high-copy-number plasmid, EXO1 partially rescues the mitotic DNA repair defects of mre11 strains, indicating that Exo1 is capable of some DSB processing in the absence of MRX (103, 132) . In contrast, overexpression of Exo1 in a mre11-nd strain does not lead to an increase in IR resistance (132) . The incomplete rescue of mre11 by Exo1 and the failure to rescue mre11-nd mutants support the model that certain DSBs require initial processing by MRX. In addition to a role in initiating DSB resection, the MRX complex may be involved in recruiting the resection nuclease(s) to the site of damage. The high concentration of Exo1 needed to ameliorate the mre11 phenotypes could reflect poor recruitment of Exo1 to DSBs in the absence of MRX. This added recruitment function would explain the relatively mild phenotypes resulting from most mre11-nd alleles compared with the mre11 and other mre11 mutants that are not proficient for MRX complex formation. Finally, the observation that mating-type switching in an exo1 mre11-nd double mutant proceeds with wild-type kinetics suggests that at least one additional nuclease is capable of substituting for Mre11 and Exo1 in processing unmodified DSBs (132) .
Consistent with the idea that Mre11 is a specialized nuclease capable of removing bulky adducts from DNA ends, E. coli SbcC/SbcD efficiently removes biotin-avidin complexes from the 5 ends of DNA duplexes in vitro (37). Additional support for the Mre11-nuclease processing terminal DNA adducts is found in the apparent requirement for the MRN complex in removal of the terminal protein of adenovirus. In early region E4-deleted adenoviruses, newly replicated genomes fail to package owing to extensive MRX-dependent concatemerization mediated through nonhomologous end joining (188, 226) . No concatemerization was observed in similar experiments using cells expressing the nuclease-deficient Mre11-3 protein (equivalent to the yeast mre11-3 H125L,D126V allele) (188) . These results suggest that the Mre11-nuclease is responsible for initiating viral concatemerization by removing the terminal protein-DNA adduct.
Sae2, a protein with no known homologues, is a possible fourth member of the MRX complex based on the similarity in meiotic phenotypes of sae2 null and rad50S mutants (123, 158). In addition, the sae2 null mutant is epistatic to and mimics the mitotic phenotypes of nuclease mutant mre11-D56N (160 
FORMATION OF THE RAD51 NUCLEOPROTEIN FILAMENT
Properties of Rad51
The 3 ssDNA tails formed by resection are substrates for binding by the Rad51 protein to promote pairing and strand exchange with the homologous duplex. S. cerevisiae Rad51 is a 43-kDa protein with 30% identity to the catalytic domain of RecA encompassing the Walker A and B motifs for nucleotide binding and/or hydrolysis, referred to as the ATPase domain (AD) (1, 16, 174) . The crystal structures of the human RAD51 AD and full-length P. furiosus Rad51 have been determined (151, 172) and show similar structural organization to the AD of RecA protein (187) . The PfRad51 N-terminal domain (absent from RecA) forms a small globular domain that is implicated in DNA binding and is separated from the AD by a flexible linker (3, 172). The crystal structure of PfRad51 reveals a double heptameric ring, consistent with ring structures observed by EM (234) . The ATPase domains of PfRad51 are arranged as pie-shaped wedges within the heptameric ring. Interaction between monomers is mediated by the polymerization motif (PM) previously defined as the BRC-peptide interaction domain (151, 172) . The ring structure is proposed to be the inactive, or storage, form of Rad51, which under appropriate conditions is targeted to ssDNA, disassembles, and then binds to ssDNA as a filament (172) .
ScRad51 forms right-handed helical filaments on single-and double-stranded DNA with structural similarity to those formed by RecA (142, 200) . Binding to ssDNA activates the Rad51 ATPase. Mutation of the conserved lysine residue within the Walker A box to alanine (Rad51-K191A) abolishes DNA binding and ATPase activities of ScRad51. When the same lysine residue is substituted with arginine (Rad51-K191R), the protein retains ATP-dependent DNA binding, but no significant hydrolysis of ATP. In vivo, the rad51-K191A mutation confers a null phenotype and is dominant negative in diploids, whereas rad51-K191R mutants are partially functional for repair and recombination (133, 174, 201) . RPA stimulates binding of Rad51 to ssDNA that contains secondary structures, suggesting that the role of RPA in presynapsis is to remove secondary structures from ssDNA to allow formation of a continuous Rad51 nucleoprotein filament (Figure 6 ). However, RPA 2) The ssDNA tails are coated by RPA to eliminate secondary structures. 3) Rad52 recruits Rad51 to the RPA-ssDNA complex. 4) The Rad51 nucleoprotein filament extends on the ssDNA mediated by Rad55/Rad57 and RPA is displaced. 5) The Rad51 nucleoprotein filament locates a homologous DNA donor sequence. 6) Rad54 interacts with Rad51, promotes chromatin remodeling, DNA unwinding and strand annealing between donor DNA and the incoming Rad51 nucleoprotein filament. has a higher affinity for ssDNA, and in vitro Rad51 only successfully competes for DNA binding if added to the reaction prior to RPA (199) . In vivo, RPA is very abundant and presumably binds to ssDNA prior to Rad51. This poses a problem because Rad51 has to replace RPA to form an active filament for strand exchange.
Mediators of Rad51 Filament Assembly
The severe reduction in Rad51-mediated strand exchange products caused by addition of RPA simultaneously with or prior to Rad51 can be overcome by addition of Rad52 (140, 175, 198) . The 52-kDa Rad52 protein interacts directly with both RPA and Rad51 and is thought to mediate Rad51 filament assembly by displacing RPA and simultaneously delivering Rad51 to ssDNA (Figure 6) (182, 194) . Mutations that delete the C-terminal region of Rad52, or residues 409-412, responsible for Rad51 interaction are defective in this mediator function in vitro (100, 175) . Strains that express C-terminal truncations of Rad52 show higher resistance to IR than rad52 null mutants and are also suppressed by RAD51 present in high copy.
Rad51 localization to sites of DSBs in vivo has been shown by immunofluoresence, chromatin immunoprecipitation (ChIP), and by the use of GFP-Rad51 in live cells (19, 49, 128, 193, 230) . Localization of Rad51 to the site of DSBs requires Rad52, consistent with the biochemical data indicating Rad52 is essential for loading of Rad51 onto RPA-coated ssDNA (64, 128, 193, 230) .
The Rad55 and Rad57 proteins are also implicated as mediators in assembly of the Rad51 nucleoprotein filament (Figure 6 ). Rad55 and Rad57 are referred to as Rad51 paralogs because they share 20%-30% sequence identity to Rad51. Null mutants of rad55 or rad57 are as sensitive to IR as rad51 mutants at low temperatures (20
• C), but the IR sensitivity is significantly suppressed at 30
• C (112). This cold sensitivity is thought to be due to the role of Rad55 and Rad57 in stabilization of the Rad51 nucleoprotein filament. The Rad55 and Rad57 proteins interact to form a stable heterodimer that binds to ssDNA and exhibits a weak ATPase activity (68, 87, 199) . Mutation of the conserved lysine residue within the Walker A box to alanine in Rad57 confers only a weak DNA repair defect, whereas the equivalent mutation in Rad55 confers a severe defect in response to IR (87) . Both RAD55 and RAD57 are required for the formation of Rad51 foci in meiotic cells, but studies in mitotic cells show only a partial defect in Rad51 localization to DSBs (63, 64, 128, 193, 230) . Using ChIP, Sugawara et al. found a delay in assembly of the Rad51 filament at an HO-induced DSB, but no pairing between the 3 ssDNA tail and donor sequences, suggesting Rad55 (and presumably Rad57) could have another function after formation of the Rad51 filament, or that the Rad51 filament is only partially assembled and this is insufficient to support homologous pairing (193) . Overexpression of RAD51 or point mutations within RAD51 that result in higher affinity of the mutant proteins for DNA suppress the IR sensitivity of rad55 or rad57 mutants, consistent with a role for these proteins in formation or stabilization of the Rad51 filament (55, 68, 87). The purified Rad55/Rad57 heterodimer functions as a mediator in the strand-exchange reaction by allowing Rad51 to nucleate on ssDNA in the presence of RPA (199) . Rad55 interacts with Rad51, but not with RPA, suggesting that the mediator activity is distinct from that exerted by Rad52 (68, 87) .
The Rad54 protein, a member of the Swi2/Snf2 family of chromatin remodeling proteins, also functions to facilitate Rad51 binding to ssDNA in the presence of RPA and to stabilize Rad51 nucleoprotein filaments in vitro (121, 230). However, the significance of these biochemical studies is unclear because Rad51 foci still form in response to DSBs, and persist longer, in rad54 mutants (128).
Homologous Pairing and Strand Exchange
Once assembled, the Rad51 nucleoprotein filament is capable of interacting with a second DNA molecule, either single-or double-stranded DNA, to initiate strand exchange. Synapsis entails alignment of the nucleoprotein filament with homologous sequences within the second molecule. Although the details of this step of the reaction have not been well characterized for Rad51, studies with RecA protein suggest that the homology search is rapid and involves random collisions of the two molecules. Once homology is found, strand exchange occurs between the two aligned molecules if one of the partners has a free end to allow stable intertwining of the complementary strands. The reaction requires ATP, but is also supported by nonhydrolyzable analogs of ATP. The polarity of strand exchange is 5 to 3 with respect to the complementary strand of the DNA duplex, opposite to the polarity observed for RecA (200) .
Although the strand transfer assay has been used extensively to characterize recombinases, the reaction between linear ssDNA and homologous supercoiled plasmid DNA (D-loop assay) is thought to better mimic the in vivo substrates. Rad51 and RPA inefficiently promote D-loop formation, but the reaction is greatly stimulated by the addition of Rad54 or the Rad54-related protein Rdh54 (152, 154) . Both Rad54 and Rdh54 exhibit dsDNA-specific ATPase activity and translocate on duplex DNA to generate unconstrained negative and positive supercoils (122, 154, 155, 217) . These activities are dependent on ATP, and mutation of the conserved lysine within the Walker A box of Rad54 or Rdh54 results in a null phenotype in vivo (35, 154, 155). The ATPase and translocation activities of Rad54 are stimulated by Rad51, or by Rad51-ssDNA complexes (122, 217). Rad54 does not stimulate the pairing activity of RecA, suggesting that the physical interaction between Rad51 and Rad54 is functionally important (35, 86, 122, 217). The strand separation at unwound regions is expected to facilitate the search for homology between duplex DNA and the incoming Rad51 nucleoprotein filament and to promote formation of the nascent joint when homology is located. The ATP-dependent translocation activity of Rad54 on duplex DNA also functions to displace nucleosomes (and presumably non-nucleosomal proteins as well) that could be inhibitory to strand invasion by the Rad51 nucleoprotein filament (6, 84).
Sugawara et al. (193) showed homologous pairing between the MAT and HML loci in vivo in rad54 mutants, but DNA synthesis to extend the invading 3 end was not observed, suggesting that the primary function of Rad54 is postsynaptic (Figure 6 ). Rad54 has been shown to promote heteroduplex DNA extension during strand exchange and to displace Rad51 from duplex DNA (180, 181) . Disruption of Rad51-dsDNA complexes could be important for turnover of Rad51 at the end of recombination, to uncover the 3 end of paired intermediates to initiate DNA repair synthesis, or to remove unproductive association of Rad51 with duplex DNA during presynapsis.
Negative Regulation of Recombination by Srs2
SRS2 encodes a DNA helicase that is suggested to limit heteroduplex extension and/or reverse abnormal recombination intermediates (33, 163, 218) . Mutations in SRS2 suppress the UV sensitivity of rad6 and rad18 mutants, and this suppression is thought to occur by channeling lesions from error-prone repair into the recombinational repair pathway (1, 102, 167). Elevated rates of gene conversion are observed between direct repeats in srs2 mutants, but in some DSB-induced recombination assays, the recovery of recombinants is reduced (2, 11). The UV sensitivity of srs2 diploids is suppressed by homozygous mutations in RAD51, RAD52, RAD55, and RAD57, suggesting that lethal recombination intermediates are formed in the absence of srs2 (1). Such intermediates are thought to arise spontaneously in srs2 rad54 and srs2 sgs1 mutants (61, 97) .
In vitro, the Srs2 protein inhibits strand exchange mediated by Rad51 (101, 221) . Srs2 inhibits the reaction by displacement of Rad51 from the presynaptic filament rather than by disruption of joint molecules. The current model is that Srs2 prevents initiation of inappropriate recombination events presynaptically by disrupting the Rad51 filament, but Srs2 could also function at later steps in the removal of Rad51, or by acting on DNA intermediates (81).
RAD51-INDEPENDENT RECOMBINATION
Rad52: a DNA Annealing Protein
The RAD51-dependent pathway for recombination is the most efficient pathway for gene conversion and is required to repair most DSBs in mitotic cells. However, in some assays, significant rates of recombination are detected in rad51 mutants, suggesting an alternate pathway for strand invasion. The alternate pathway requires RAD52 and to some extent, RAD59. Deletion of RAD52 in S. cerevisiae results in severe defects in gene conversion, SSA, recombination between inverted repeats, and formation of survivors in the absence of telomerase (202) . In contrast, rad51 mutants show no defect in SSA, a five-to tenfold reduction in the rate of spontaneous recombination between inverted repeats and a defect in one of the two telomere recombination pathways (82, 161, 213) . The rad52-327 allele, encoding a truncated protein lacking the Rad51 interaction domain, promotes RAD51-independent recombination, suggesting that a core activity capable of strand invasion is retained in the N-terminal region (212) . Intermolecular recombination shows a much greater dependence on RAD51 than intramolecular events, but even in this context HR events are still detected in rad51 mutants and these occur at higher rates than those observed in rad52 mutants (15, 43). These observations suggest that Rad52 can promote efficient intramolecular recombination and a low incidence of intermolecular strand invasion.
Both yeast and human Rad52 are multimeric and form ring structures as visualized by electron microscopy (159, 176, 185) . Using both conventional and scanning transmission electron microscopy, the HsRad52 protein was observed to form heptameric rings with a strong pinwheel appearance and a central channel (185) . Rad52 appears to have two modes of self-association. Assembly of monomers into rings requires sequences in the conserved N-terminal domain of Rad52, whereas the formation of higher-order multimers is mediated by the C terminus (159) . Formation of multimers is consistent with genetic studies showing intragenic complementation between N-and C-terminal mutations of rad52 (27). The crystal structure of the N-terminal domain (residues 1-209 or 1-212) of the HsRad52 protein has been determined and reveals an 11-membered ring (90, 177) . The overall structure resembles a mushroom, consisting of a stem containing highly conserved hydrophobic residues and a domed cap. A positively charged groove was identified under the domed cap and mutational analysis was consistent with this region comprising a DNA-binding surface (90) . One residue identified as important for DNA binding, Arg55, is equivalent to Arg70 of ScRad52, previously shown to be important for Rad52 function in vivo (13, 136).
The purified Rad52 protein binds preferentially to single-stranded DNA and promotes annealing of complementary DNA sequences (135) . Rad52-promoted annealing of long molecules is stimulated by RPA, whereas Rad52 efficiently anneals oligonucleotides in the absence of RPA (135, 176, 195) . The probable role of RPA in strand annealing is to remove secondary structures from single-stranded DNA to allow annealing by Rad52. The important function of Rad52 in SSA is to anneal the complementary single-stranded regions exposed by resection (179) .
The human Rad52 protein has been shown to promote the formation of D-loops. This activity, as well as DNA binding, is retained in a truncated form of the protein comprising the first 237 residues (89) . The formation of D-loops by Rad52 probably occurs by annealing between the incoming single-stranded DNA and transiently single-stranded DNA present in the supercoiled plasmid. Because RAD52 is the only gene known to be essential for RAD51-independent recombination events, it is assumed that the annealing activity of Rad52 can be used for strand invasion (116, 161). Presumably, some donor sequences are transiently single-stranded and can be annealed by Rad52 to ssDNA generated from a resected DSB. Once this annealing step has occurred, the 3 end could be extended by DNA synthesis to stabilize the intermediate.
Like Rad51, Rad52 forms discrete foci in response to IR-, HO-, and Spo11-induced DSBs and during S-phase of unirradiated cells (64, 109, 128) . Surprisingly, only one or two foci are observed using a Rad52-GFP fusion protein, independent of the dose of IR, suggesting that damaged DNA is sequestered at one or two sites within the nucleus, perhaps at specialized repair centers (108). The formation of Rad52 foci is independent of Rad51 (128).
The RAD59 gene was identified in a screen for mutants defective for RAD51-independent spontaneous mitotic recombination between inverted repeats (14). The rad59 mutation was shown to cause modest defects in several mitotic recombination assays and moderate sensitivity to IR. RAD59 is important for SSA between chromosomal direct repeats, especially as the repeat length decreases (13, 192) . This suggests that Rad52 becomes more dependent on Rad59 when the repeats to be annealed are short, or when short homologies are embedded within extensive regions of heterology. Consistent with this hypothesis, recent studies have shown that RAD59 is required for spontaneous recombination between homologous sequences, whereas the RAD51-promoted pathway acts preferentially on sequences with extensive homology (184) .
RAD52 present in more than one copy suppresses the radiation sensitivity of rad59 mutants, suggesting that the proteins interact and/or have overlapping functions (14). RAD59 encodes a 26-kDa protein with homology to the N terminus of Rad52, which includes the self-interaction and DNA-binding domains of Rad52. Rad52 interacts with Rad59 raising the possibility of formation of a heteromeric Rad52-Rad59 ring (42). Purified Rad59 binds to ss and dsDNA and promotes annealing of complementary ssDNA (42, 153). However, the annealing activity of Rad59 is not stimulated by RPA and even though the biochemical activities of the two proteins are similar, Rad59 is unable to substitute for Rad52 in Rad51-independent recombination (14, 42). We suggest Rad59 is a stimulatory factor for Rad52 and is important for recombination between short repeats or when the activity of Rad52 is compromised.
Dmc1
DMC1 encodes a 334-amino acid polypeptide with significant similarity to RecA and Rad51, which is expressed only during meiosis (20). Dmc1 is 45% identical to Rad51 along its entire length, and biochemical studies indicate a higher functional conservation than the other Rad51 paralogs to RecA/Rad51. Both Dmc1 and Rad51 form foci during meiosis, and the foci indicate significant colocalization of the two proteins (19). Mutation of DMC1 leads to the accumulation of DSBs in meiosis and a reduction in the frequency of reciprocal recombinants, as measured by physical assay (20). RAD51 and DMC1 are both required for high rates of meiotic recombination and have overlapping, but nonidentical, roles in meiosis (173) . Overexpression of RAD51 partially suppresses the recombination and sporulation defects of dmc1 diploids, consistent with the proteins being partially redundant (211) . Dmc1 is important to direct repair between homologous nonsister chromatids during meiosis, a function shared by three other meiosis-specific proteins, Hop1, Mek1, and Red1 (169, 223) .
HsDmc1 has a weak ATPase activity, binds to ss and dsDNA, and catalyzes strand exchange between oligucleotides in vitro (105, 120). The yeast Dmc1 protein also promotes annealing of complementary ssDNA (74) . Dmc1 has been observed to form octameric rings or helical filaments on DNA by EM (120, 148, 169a).
HOLLIDAY JUNCTION RESOLUTION ACTIVITIES
The DSBR model predicts the formation of a dHJ intermediate, which must be resolved for segregation of the recombinant duplexes. Models for the repair of collapsed replication forks and template switching also predict the requirement for branch migration and Holliday junction resolution activities.
The Mus81-Mms4 (Eme1) Nuclease
The mus81 and eme1 (mms4 in S. cerevisiae) mutants of Schizosaccharomyces pombe exhibit meiotic phenotypes consistent with a defect in the resolution of recombination intermediates. mus81 and eme1 mutants produce less than 1% viable spores and show aberrant segregation of DNA, frequently with the DNA present in only one spore, suggesting a defect in chromosome segregation (21). Remarkably, the spore inviability and unequal DNA distribution observed in mus81 mutants is suppressed by expression of the bacterial HJ resolvase RusA (21). Meiotic crossing over is reduced 20-to 50-fold in mus81 diploids, but gene conversion events unassociated with crossing over occur at normal, or even higher, frequency than in wild-type cells (146, 178) . Thus, Mus81 and Eme1 are specifically required to resolve meiotic recombination intermediates to form crossover products in S. pombe. Mus81 and Mms4/Eme1 were identified in two-hybrid screens by interaction with Rad54 and checkpoint kinases, by sensitivity to MMS, and in a screen for mutations that cause synthetic lethality with sgs1 (21, 22, 46, 80, 137, 157) . SGS1 encodes a helicase of the RecQ family and is homologous to the human BLM and WRN helicases, which play important roles in genome stability (12, 60) . Mus81 has sequence similarity to the nuclease domain of Rad1, and Mms4 has limited similarity to Rad10, suggesting that they are components of a structurespecific nuclease (21, 137). The Mus81-Mms4/Eme1 heterodimer cleaves a variety of branched molecules, including simple Y-structures, duplex Y-structures, and Xforms, with a strong preference for duplex Y-structures (21, 91). The activity on X-form structures is weak, but greatly enhanced if one of the four component strands is discontinuous in the vicinity of the junction (58, 146) .
Doubts over the generality of Mus81-Mms4 as the HJ resolvase have been raised by genetic studies in S. cerevisiae. In budding yeast, mus81 and mms4 mutants exhibit a sporulation defect, but genetic and physical studies have shown only a twofold decrease in crossing over relative to wild type (45, 46). mus81 mutants exhibit no sensitivity to IR, are proficient for mating-type switching and show no alteration in the proportion of crossover events during DSBR in mitotic cells (80, 81) . The conflicting results are best explained by proposing alternate pathways for processing meiotic recombination intermediates in these two yeasts (70, 73, 146) .
The substrate specificity and meiotic crossover defect in S. pombe led Osman et al. (146) to suggest that Mus81-Eme1 cleaves meiotic strand invasion intermediates in two steps, prior to formation of a dHJ, to yield crossover products (Figure 7) . They propose that single-end invasion intermediates (SEIs) can be resolved by Mus81-Eme1 to form crossover products, or dissociate as envisioned by the SDSA model to form noncrossover products in S. pombe (Figure 7) . In budding yeast, a subset of 
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SEIs is channeled into a pathway to form dHJ intermediates. These are processed by a bona fide resolvase to form crossover products. This pathway is subject to crossover interference and regulated by Msh4 and Msh5 (45, 73) . The interference pathway and synaptonemal complex are absent from S. pombe (146) . The other SEIs can be processed in the same way as in S. pombe, to form crossover or noncrossover products by a pathway that is not subject to crossover interference.
Resolvase A
Biochemical evidence in support for two distinct resolvase activities has come from characterization of fractionated mammalian cell extracts. Fractionation of HeLa cell extracts revealed two Holliday junction resolvase activities, one corresponding to Mus81, and the other to the previously described Resolvase A (39, 40). Resolvase A shows high specificity for Holliday junctions and the resulting cleavage products can be ligated (39). In contrast, Mus81 cleaves 3 flap and Y-shaped molecules more efficiently than intact X-forms and the products of resolution are not ligatable (39). Resolvase A promotes a concerted branch migration/resolution reaction similar to that catalyzed by the E. coli RuvABC complex (40). Although the identity of Resolvase A is currently unknown, recent studies indicate that it is intimately associated with the Rad51 paralog, RAD51C (110).
Dissolution of dHJs
An alternative mode of resolving dHJ intermediates to form noncrossover products is through the action of a topoisomerase. Recent biochemical studies provided direct evidence for resolution of dHJ intermediates by the combined action of BLM and hTOPO IIIα (231) . BLM is homologous to S. cerevisiae Sgs1 and was previously shown to exhibit DNA helicase activity to promote branch migration of Holliday junctions (93) . As a type IA topoisomerase, Topo III can make singlestranded incisions in ssDNA and catalyzes decatenation of negatively supercoiled plasmids. The yeast TOP3 gene was originally identified in a genetic screen for increased recombination between short repeated sequences (222) . The top3 mutant has a severe growth defect, which is suppressed by deletion of SGS1 (60) . Like top3 mutants, sgs1 mutants show elevated rates of mitotic recombination and hypersensitivity to chemicals that stall replication forks. Mutations in BLM are causative of the human cancer predisposition syndrome, Bloom's syndrome (12). A defining cytological feature of cells from BLM patients is the high rate of sister chromatid exchange (32). It is unclear whether the elevated rate of recombination in sgs1 and BLM cell lines is due to increased numbers of recombinogenic lesions formed by aberrant replication, or if the mutants have altered processing of recombination intermediates. sgs1 mutants do not show sensitivity to IR, suggesting that Sgs1 is not essential for DSBR. However, recent studies have shown a significant increase in crossovers during DSBR in sgs1 and top3 mutants (81) . This result was interpreted as a role for Sgs1 and Top3 in resolving dHJ recombination intermediates into noncrossover products. The biochemical studies with the equivalent human proteins support this hypothesis (231) . Although no resolution activity was detected on single HJs, the dHJ substrate was efficiently resolved by the combined activities of BLM and hTOPO IIIα. Presumably, the branch migration activity of BLM on the constrained substrate creates torsional stress, which activates the decatenation activity of hTOPO IIIα.This mode of resolution, termed dissolution, yields only noncrossover products.
In summary, eukaryotic cells resolve recombination intermediates by diverse mechanisms. Resolution of dHJ intermediates can occur by endonucleolytic cleavage to form crossover or noncrossover products, or by dissolution to form noncrossover products. Single-end strand invasion intermediates can be cleaved to form crossover products, or dissociated (SDSA model) to form noncrossovers. The redundancy for this step of the reaction is a plausible explanation for why no single mutant with the predicted resolution-defective phenotype has been identified in budding yeast.
NONHOMOLOGOUS END JOINING
Nonhomologous end joining is a major pathway for repair of DSBs in higher eukaryotes (85) . The key components of this pathway in mammals are the DNAdependent protein kinase (DNA-PK), composed of the Ku heterodimer and DNA-PK catalytic subunit (DNA-PKcs), and the DNA ligase IV/XRCC4 complex. Mutations in any of these components result in hypersensitivity to ionizing radiation and in defective V(D)J recombination.
Because the rad52 group mutants are hypersensitive to IR, and haploid yeast cells in the G1 stage of the cell cycle show high sensitivity to IR, it was originally thought that yeast cells lack a mammalian-like NHEJ pathway. However, random integration of linear DNA with no homology to chromosomal sequences occurs with low frequency during transformation, and haploid yeast cells have an efficient mechanism for the ligation of plasmids linearized with restriction enzymes when these molecules are used to transform yeast cells (25, 166) . The joining of cohesive ends occurs with high fidelity to restore the original sequence of the plasmid (25). However, plasmids with blunt ends, or incompatible overhang ends, are poor substrates for the rejoining pathway. This contrasts with S. pombe and mammalian cells, which show efficient joining of blunt, cohesive ends and incompatible overhangs (117, 164, 228) . Although end joining occurs with high efficiency in haploid yeast cells, diploids show much lower levels of NHEJ. As described below, this is because of an essential NHEJ factor that is regulated by mating-type heterozygosity (56, 96, 143, 216) . It is assumed that diploids repress NHEJ because a chromosome homologue is available throughout the cell cycle to template HR, whereas haploids cannot use the higher fidelity HR pathway during G1.
A heterodimeric protein complex with homology to the mammalian Ku70/Ku80 complex was first identified as a high-affinity DNA end-binding activity in yeast extracts (51, 127). Mutation of the YKU70 or YKU80 genes does not confer sensitivity to IR, MMS, or bleomycin, but the mutants are defective in the rejoining of linear plasmid DNA during transformation, or joining of chromosomal DSBs made with EcoRI or HO (24, 25, 104, 115, 127, 130). The end-joined products recovered from yku70 and yku80 mutants have large deletions and the junctions usually form at small homologies (1-4 nucleotides) (25). The yku70 and yku80 mutants show temperature-sensitive growth, short telomeres, and are defective for transcriptional silencing of genes close to telomeres (telomere position effect, TPE) (26). The Ku70 and Ku80 proteins localize to telomeres in yeast, but in the presence of DNA damage show a Rad9-dependent relocalization to the sites of damage (118). Recent studies have shown a direct interaction between Ku70 and the RNA component of Telomerase, TLC1, and this interaction is important for the telomere protection function of Ku (186) . To date, no candidate for the DNA-PKcs has been identified in budding or fission yeast. The DNL4 gene encodes an ATPdependent DNA ligase (Ligase IV), which is required for NHEJ in yeast (165, 204, 229) . dnl4 mutants are epistatic to yku70 and yku80 for plasmid rejoining but have normal growth, telomere length, and TPE, suggesting that these functions of Ku70/Ku80 are independent of their role in NHEJ. As in mammalian cells, an accessory protein, Lif1, activates and targets Dnl4 to DSBs in yeast (69, 205) . The phenotype of lif1 mutants is indistinguishable from that of dnl4 mutants. Another factor that interacts with Lif1, Nej1/Lif2, was identified by two-hybrid analysis, in a genetic screen for NHEJ mutants, and as a haploid-specific gene (56, 96, 143, 216) . Diploid MATa/MATα cells that constitutively express NEJ1 are proficient for NHEJ, indicating that this is the only factor in the pathway regulated by mating type. Nej1 is required for nuclear localization of Lif1 (216) , but it is currently unknown if this is the only role for Nej1 in NHEJ (Figure 8) .
In S. cerevisiae, Rad50, Mre11, and Xrs2 are also required for NHEJ, but these factors play no role in NHEJ in S. pombe (117, 130). rad50, mre11, and xrs2 mutants are as defective in plasmid end joining as yku70 and yku80 mutants, but the rare junctions formed usually show no loss of nucleotides (26). The Mre11-nuclease activity is only required for end joining if the ends have hairpins, and this specialized end-joining reaction also requires Sae2 and Pso2, the putative homolog of the human V(D)J-recombination nuclease, Artemis (235) . A chromosomal assay for joining of incompatible ends revealed a requirement for Mre11 and Dnl4, but not Yku70, suggesting there are at least two pathways for NHEJ (114). Genetic and biochemical studies in animal cells also support the existence of another endjoining pathway, independent of that promoted by DNA-PK (67, 224) .
The purified MRX complex stimulates intermolecular DNA joining by the Dnl4/Lif1 complex (34). AFM analysis revealed juxtaposition of DNA ends by the MRX complex to form linear concatamers, suggesting that the MRX complex can align DNA molecules for ligation (Figure 4 ). Xrs2 interacts with Lif1, suggesting that Xrs2 might function to recruit Dnl4/Lif1 to ends held together by the MRX complex. Purified DNA-PK has been shown to synapse DNA ends, raising the possibility that the MRX complex has assumed this role in S. cerevisiae (47).
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